Aims. During the solar minimum of 2008, the value of total solar irradiance at 1 AU (TSI) was more than 0.2 Wm −2 lower than during the last minimum in 1996, indicating for the first time a directly observed long-term change. On the other hand, chromospheric indices and hence solar UV irradiance do not exhibit a similar change. Methods. Comparison of TSI with other activity parameters indicates that only the open solar magnetic field, B R , observed from satellites at 1 AU show a similar long-term behaviour. The values at the minima correlate well and the linear fit provides a direct physical relationship between TSI and B R during the minimum times.
Introduction
During the 17th century, unusually cold temperatures were observed in Europe and the solar activity seemed to have almost ceased, as manifested by only a few sunspots during 1645-1680. This period of low activity was called "Maunder Minimum" (MM) by Eddy (1976) , who also suggested that the low activity may have been the reason for the low total solar irradiance (TSI). This period has become the most famous test for a possible relation between TSI, solar activity and the Earth's climate. TSI reconstructions back to the 17th century are normally based on two assumptions: (i) the surface manifestations of solar activity such as sunspots, faculae, and network determine the cycle amplitude; (ii) the existence of a long-term, secular variation somehow related to the strength of activity (e.g. Hoyt & Schatten 1993; Lean et al. 1995; Wang et al. 2005; Krivova et al. 2007; Tapping et al. 2007) . Reliable TSI measurements started in 1978 and now cover almost three solar cycles. During the solar minimum of 2008 the value of TSI is more than 0.2 Wm −2 lower than it was during the last minimum in 1996, indicating for the first time a directly observed long-term change in TSI. None of the other manifestations of activity, such as sunspot number, microwave flux from the Sun at 10.7 cm (F10.7), or the chromospheric indices from CaII or MgII and related to them the UV and EUV irradiance showed a decrease of similar magnitude.
In Sect. 2, we discuss the data and estimate the uncertainty in this new result. Section 3 describes the relation to the open field, which is the only activity-related parameter showing such a trend. Section 4 discusses the amplitude variation and the Appendix is only available in electronic form at http://www.aanda.org conclusions are presented in Sect. 5. The URLs of the data sets used here are listed in Data Sources at the end of the paper.
Data
TSI measurements with electrically calibrated radiometers from space started with the launch of NIMBUS 7 in November 1978 and continue today with overlapping measurements from different spacecrafts. From these measurements, three composite time series were constructed, referred to as PMOD (Fröhlich 2006) , ACRIM (Willson & Mordvinov 2003) , and IRMB (Dewitte et al. 2004 ) composites. A major difference between the three composites is the way in which the gap between the end of ACRIM I and the beginning of ACRIM II observations is bridged. Since the first publication of the ACRIM composite by Willson (1997) , it has often been asked whether a change in the radiometer HF on NIMBUS 7 occurred during the ACRIM-gap period as first suggested by Lee III et al. (1995) and Chapman et al. (1996) . The possibility of this change is still neglected by the ACRIM team and thus their TSI increases by more than 0.5 Wm −2 during cycle 22. A detailed reanalysis of the HF long-term behaviour by Fröhlich (2000 Fröhlich ( , 2006 and comparison with ERBE data and the Kitt-Peak reconstruction (Wenzler et al. 2006) confirm the need of the correction of HF. The results of another reconstruction (Krivova et al. 2007 ) were used to "resolve" this issue by Scafetta & Willson (2009) . Since this reconstruction was never designed to reproduce the details of the intra-cycle variability properly, these new arguments are only misleading and do not support the increase in TSI during cycle 22. The consistent corrections of the HF observations over the entire period provide not only an accurate time series over the ACRIM gap, but also a reliable TSI time series during the maximum of cycle 21 (for details see Fröhlich 2003 see Fröhlich , 2006 . Thus, the PMOD composite (version 41_62_0904; the 4 digits in the versions indicate the date of the last update; 41 means V4.1 of the composite and 62 V6.2 of VIRGO) is an accurate TSI record during the last three solar cycles. As shown in Fig. 1 , it can also be extended back to the minimum in 1976 with a proxy model from ; the validity of this extrapolation is discussed later.
For the following discussion, we need to define the amplitude and point in time of solar minima: "amplitude" is the sine square equivalent, namely twice the mean value of the increase above the solar minimum values averaged over the period between two minima and "time of minimum" is the first appearance of an important sunspot group of the new cycle (at high latitude and of opposite polarity); the last five minima are at: 24 Dec. 1964 , 1 Oct. 1976 , 7 Sep. 1986 , 25 Aug. 1996 , and 21 Sep. 2008 .
Before discussing the long-term change in TSI we need to demonstrate that the low value is indeed real. The VIRGO data from 18 Jan. 1996 until 31 Mar. 2009 (Fröhlich et al. 1997 ) used here are from V6.2, which has been updated from V6.1 used earlier by Fröhlich (2008) . The difference between these two versions is important and related to the way corrections are applied to PM6V-B, one of the reference radiometer of VIRGO. A description of how VIRGO was analyzed was given in Fröhlich (2003) and in the online Appendix A with special emphasis on the version change from 6.1 to 6.2. For ACRIM, a combination of measurements from ACRIM II acquired between 4 Oct. Fig. 2 with their ratios to VIRGO in Fig. 2b . The short to medium term variation of ACRIM is larger than the one of VIRGO and TIM and it shows an oscillation with a period close to one year and an amplitude of up to 300 ppm peak-to-peak. The standard deviation from the linear fit of the ACRIM/VIRGO (A/V) ratio is ∼85 ppm , whereas that for TIM/VIRGO (T/V) is much lower with 28 ppm. This indicates that A/V is dominated by the noise of the ACRIM time series, and T/V most likely provides a good measure of the noise of VIRGO.
The non-zero slope of A/V over the full period may indicate a difference between the two minima. However, this difference could be caused by ACRIM only and the comparison of the slopes from version 6.1 and 6.2 is indeed indicative of the stability of VIRGO. Although the difference may be an upper limit, it can be used as an estimate of the solar-cycle uncertainty in the VIRGO record. This difference can be directly determined from the minimum values of the two versions and amounts to 83.7 ppm. The slopes during the ascending and descending phases may indicate that the cycle amplitude of VIRGO is about 50 ppm higher than the one of ACRIM, which is probably related to the incomplete correction of PMO6V-B. This difference does not influence the change between minima. A further contribution comes from the correction over the SOHO vacation which is estimated as 39 ppm. For a detailed discussion we refer to Appendix A. Moreover, instrumental noise, determined to be the standard deviation of the T/V fit, must also be included (28.3 ppm, divided by √ 3 × 27 yielding 3.14 ppm). The rms sum of these three contributions yields a total uncertainty of the solar-cycle trend of 92 ppm. For cycle 22, a value of 70 ppm was estimated (Fröhlich 2004) . The minimum value in 1986 is used as reference for the comparison of the relative levels of the other minima and so, the uncertainty is estimated from the A/V noise (divided by √ 3 × 27) as 9 ppm. The observed change in the VIRGO TSI from 1996 to 2008 of 140 ppm is significant at the 1.5-σ level. With the minimum in 1986 as reference, the uncertainty of the four minima amounts to 70, 9, 70 and √ 70 2 + 92 2 = 116 ppm and the corresponding TSI values are 1365.52 ± 0.10, 1365.57 ± 0.01, 1365.45 ± 0.10, and 1365.26 ± 0.16 Wm −2 , respectively. Figure 3 shows the times series of the sunspot number (SSN), the solar radio flux at 10.7 cm (F10.7), the Ly-α composite (starting with the measurements of AE-E (Woods et al. 2000) ), and the chromospheric indices CaII K and MgII. Table 1 summarizes the values of the amplitudes and the relative changes of the minima. None of these time series show changes in the minima and the Fig. 1 and 4a , none of these records show the large decrease during the present minimum.
Correlation with the open solar magnetic field
variations are at least a factor of 6 smaller. For SSN, this is expected, but the others have no lower limit to their values and thus could show a change. For F10.7, there is also no significant change back to the start of the measurements in1947. The CaII K index deduced from the Mt Wilson observations (Foukal et al. 2009b ) back to around 1915 shows also no change in the minima to within ±4%. As the chromospheric indices are highly correlated with the UV and EUV irradiance, secular changes of the spectral irradiance below about 300 nm are hence unlikely. This is confirmed by observations of Ly-α irradiance during the last three cycles, and observations of sun-like stars (Giampapa et al. 2006; Hall & Lockwood 2004; Judge & Saar 2007) . All these observations show that the chromospheric indices and hence the "quiet" magnetic Sun does not change on secular timescales (see also Livingston & Wallace 2003) and they contradict the normally used assumption that the long-term changes in the solar irradiance are caused by the same mechanism as the intra-cycle variation, namely manifestations of the surface magnetic fields.
The only parameter that does exhibit inter-cycle changes similar to TSI is the open magnetic field, B R , as observed on Earth by satellites since 1963 (Fig. 4b) . We determine B R by taking the absolute value of the daily mean of B X from the OMNI2 dataset.The intra-cycle variation in B R is not similar to TSI, the main reason being that B R changes sign around the maximum of the cycle (during periods of the shaded areas in Fig. 4b) , and since the northern and southern hemisphere may change at different times, it is a prolonged period during which the behaviour of the B R variability is dominated by the reversal. During the minima, B R is more stable and mainly determined by the polar field, which is representative of the amount of global magnetism remaining from the just passed solar cycle and available for the next one; hence it is a measure of prevailing strength of the activity. The minimum values of TSI and B R (also listed in Table 1 ) do correlate quite well as shown in Fig. 4c , and from a linear fit the TSI-B R sensitivity can be deduced as S (B R ) = (1364.64 ± 0.40) + (0.38 ± 0.17)B R in Wm −2 . This regression does not include the value of the proxy-based minimum in 1976, but its position close to the linear fit confirms the validity of this extrapolation over the 2.5 years with the proxy model. With the TSI-B R calibration and a reconstruction of the open magnetic field from geomagnetic indices (Lockwood et al. 1999; Rouillard et al. 2007 Krivova et al. (2007) use either the total photospheric magnetic field or the sum of the open field and the fields from the ephemeral regions for the secular change and determine it in the same way as for the intra-cycle variability. This implicitly assumes that the UV irradiance also has a trend proportional to the one of TSI, which is incompatible with the observations during the past three cycles.
Cycle amplitude
The intra-cycle variability in both the UV irradiance and TSI are explained well by manifestations of the surface magnetic fields, sunspots, faculae, and the network. These models (e.g. Wenzler et al. 2006; Unruh et al. 2008) are based on contrast functions, area, and center-to-limb variations in the effect of the different magnetic elements involved and explain more than 80% of the variance on time scales from days to 11 years. During the last solar cycle, it was realized that a linear trend must be added to reach this level of correlation (e.g. ). Comparison of the TSI amplitudes with those of other parameters listed in Table 1 during the past three cycles shows that TSI is significantly higher in cycle 23. This is due to extended periods when TSI is increased by large faculae in activeregions without or with only small sunspots. A similar case may have been observed during cycle 20 when the facular area was also high (Brown & Evans 1980; Foukal 1993) relative to SSN. Cycle amplitude reconstruction into the past needs to be investigated in more detail and the behaviour during cycle 23 is an excellent case for testing new approaches. If one simply uses the correlation between TSI and e.g., SSN to determine the TSI amplitude, the result is within ±18% for the three observed cycles. So, such a correlation can provide a TSI amplitude within only about ±20%, which may be acceptable in some cases.
Conclusions
The difference between the long-term behaviour of TSI and the UV spectral irradiance may be caused by a global temperature change, as already suggested by Tapping et al. (2007) . From the sensitivity of TSI to changes in temperature (0.07%/K) a change of ≈0.2 K during cycle 23 has been deduced, and at the wavelength of Ly-α with about 0.4%/K, we measure a 1.1% change, which is negligibly small compared to the cycle variation of more than 60%. Although the difference becomes smaller at longer wavelengths, at 300 nm the intra-cycle variation is still 4-5 times larger than the temperature change would suggest. Another explanation may be the influence of surface magnetic fields such as polar faculae, which are important during solar minimum with at present the lowest number ever observed (Sheeley 2008). However, estimates of the influence of polar faculae indicate that their influence on TSI is indeed too small (Foukal et al. 2009a) .
We conclude that the long-term change in TSI is caused by a global temperature change of about 0.2 K during cycle 23. The observed minima of TSI are well correlated with those of B R , which allows the determination of TSI at a cycle minimum for any time with available B R . Furthermore, the UV and EUV irradiances do not show any long-term trend, which has important consequences for our understanding of the solar variability and its influence on global climate change. ACRIM, VIRGO, and TIM experiments all have at least one backup or reference radiometer per type which are less exposed and used as degradation reference for the operational one. The starting point of the evaluation are level 1 data, which are corrected for all known effects: e.g. temperature, electrical calibration, and distance (an example are the level 1 data in Fig. 1 of the VIRGO URL 1 ). The first step to level 2 is to adjust the operational to the backup, which is straightforward for DIARAD (left channel (L) is the operational, and the right channel (R) is the backup) by simply using the ratio L/R as measured and some adequate interpolation between the values of R once a month. The values in this way corrected are now called level 1.8. For PMO6V, this is more complicated because the backup was used at the beginning quite often and therefore also shows an early increase, which needs to be corrected before it can be used to correct PMO6V-A, the operational radiometer (see also the VIRGO URL and Fröhlich 2003 and Fröhlich , 2006 . So, we start with determining the early increase correction for PMO6V-A by comparing it with DIARAD, and the coefficients of the hyperbolic functions describing this early increase. All this is achieved in exposure time and the corresponding UV-dose at each point in time. With the data available at this stage, it is difficult to determine the corresponding coefficients for PMO6V-B mainly because its exposure was important and varied during the first two years of operation. The same functions as determined for PMO6V-A were therefore used, but with the corresponding exposure time and dose of PMO6V-B. This is an approximation, and although further analysis showed that it is not really adequate, it has not been changed. With the corrected PMO6V-B, we can determine the level 1.8 for PMO6V and we have two time series that can be compared. From this comparison, it became obvious that DIARAD has some non-exposure dependent change, which obviously cannot be corrected internally, but needs an independent time series, which is PMO6V. It was already stated in the original proposal that two different types of radiometer are incorporated to enable a clearer understanding of the behaviour in space, and indeed we have detected the unexpected non-exposure dependent change in DIARAD. An exponential function with a step over the unknown change during SOHO vacations, explains the difference very well; the presently used fit was finalized for V6.0 in November 2003 and the coefficients have not been changed since. Obviously it could also be that PMO6V is responsible for this difference, but comparison with e.g. ERBE confirms that it is caused by DIARAD (see e.g. Fig. 3 at the PMOD composite URL 2 ). There are also changes in DIARAD after switch-off and -on again, for which we have no explanation but need correction. We do not know the cause of these non-exposure changes, although the HF radiometer on NIMBUS 7 exhibits a similar behaviour (Fröhlich 2006) .
Until now no external results have been used to evaluate the VIRGO radiometers. Only changes over the period during which SoHO was lost (25 June to 8 Oct. 1998), called SOHO vacations, need external help, since we can only determine the difference between the corrected DIARAD and PMO6V, but not its absolute value. To determine this correction, we use ACRIM-II for comparison during 122 days before the SoHO vacations and 131 days after the data gap, as a compromise between having enough data points and avoiding sudden changes in the ACRIM record. The normal operation immediately after the recovery lasted only 72 days, when the spacecraft was placed in spinning mode. This still provided accurate solar pointing, but no science data transmission until 3 Feb. 1999. Transmission of science data was not possible in this mode of operation because only the low gain antenna, but not the high gain antenna could be used with a very limited data rate. Although we have no data, the instruments were operated normally, which means that this period does not need to be bridged with ACRIM data. In order to have an independent assessment of the uncertainty we use six periods of 72 days for the comparison, three before the summer vacations and one just after, and two after the data gap as shown in Fig. A.1 . The results are listed on the plot in the SoHO gap period. From the linear fit we derive a change of about 15 ppm which may be used as a first estimate of the uncertainty. This can be compared to the differences between the 72-day mean just before and after the gap, which show for PMO6V a change of similar magnitude, but for DIARAD a much smaller one. DIARAD has this strange behaviour after a switch-off and -on, and since this interruption is much longer than the three 1-2 days interruptions used to develop the correction (see e.g. Fröhlich 2003) , the effect seems to be underestimated, and thus the applied correction is inadequate. Still another way to estimate the uncertainty is to use the standard deviation of the six averages before and after of 38.9 ppm. This rather high value is mainly due to the last point, which lies outside the distribution represented by the five remaining points, covering the period of about 280 days before and after the SoHO vacations. Although, the standard deviation of the five points is around 15 ppm, we use the larger value of 38.9 ppm for the uncertainty of the change over the SoHO vacation, which is an upper limit.
Shortly after introducing V6.0, it was realized that a slight trend (presently 0.025 ppm/day) in the ratio of the corrected (level 1.8) PMO6V and DIARAD values after the SOHO gap has to be added in the evaluation. At that time, it was attributed to DIARAD because the determination of the exponential function may have needed some adaptation to the data since the original determination. Independently, I started in early 
